P-and A-series, respectively, before the first failure occurs. The cost and replacement rate for the Rseries coating is significantly less than those for the P-and A-series coatings. When all coatings are run to failure, using the mean (life) time between removal (MTBR) for each coating to calculate the number of replacements and costs provides qualitatively similar results to those using a Weibull analysis. The relationship suggested between glass transition temperature and life is that the closer the glass transition temperature to the operating temperature, the lower the associated predicted life. 
Nomenclature

Introduction
Intaglio printing is used in high-quality applications where a desired texture is also imparted to the finished print product along with the ink. In this printing process, ink is applied to the entire surface of the printing plate, although ink is ultimately desired only in the engraved valleys of the plate. The excess ink on the flat plateaus between the engraved valleys must be removed before transfer to the printed product.
The paper is squeezed against the plate with such force that ink is transferred from the capillary-like engraved lines, causing the surface of the paper to become textured and/or deformed.
A coated wiper cylinder is used as a wiping roller to remove the excess ink from the printing plates.
The wiper rotates and oscillates from side to side as excess ink is removed from the printing plate surface before impressions are made. On press, the wiping roller is half submerged in a tank of caustic solution at a temperature of 60°C (140°F). In the tank, ink is removed chemically and physically by brushes and blades from the surface of the wiper.
Microscopic and visual inspection of failed wiper surfaces show that the primary mode of failure is fatigue. Fields of cracks 10 to 30 _tm (3.9x10 4 to 1.2x10 3 in.) wide and 100 to 300 _tm (3.9x10 3 to 1.2x10 2 in.) long form on the surface of failed coatings. Figure 1 is a micrograph of a failed wiper Figure 1 .--Fatigue cracks on surface of failed P-series wiper roller coating after 100 000 impressions. coating surface shown atamagnification of 100. Excess inkthathasbecome entrapped inthefatigue cracks istransferred totheprintingplates, imprinting thefatigue crack images onthefinished product. Thefailure criterion is artistically driven andisbased upon theappearance oftheprinted product. Thus, wipers arenotremoved atthefirstappearance offatigue cracks onthesurface ofthewipercoating, butat thefirstvisual appearance ofacrack image transferred totheprinted product.
A program wasundertaken (1)to determine theendurance oftherollercoatings based uponafatigue criterion. Thestandard coating used wasmanufactured in-house bytheuser andwasahard, cross-linked, plasticized polyvinyl chloride (PVC) thermoset. Thecandidate replacement coating wasasofter plasticized PVC. A total of447tests wasconducted withthese coatings in aproduction facility. Thedata wereevaluated using atwo-parameter Weibull analysis. Thesofter coating produced overtwicethelifeof theharder cross-linked coating. Using thesofter coating reduced thewiperreplacement ratebytwothirds, resulting inminimum production interruption (1).
Asafollowup tothisprogram, ahardrubberized coating wasevaluated together withthetwo plasticized PVCcoatings reported byVlcek,Hendxicks, andZaretsky (1).However, thefollowup program used different presses, ink,andprintingplates fortheobverse sideofthejobreported inRef. (1) . Theprimary objectives of theresearch reported herein weretousebothtwo-andthree-parameter Weibull analyses todetermine (a)thefatigue lifeof each ofthethreecoatings studied, (b)theminimum time belowwhichthere wasnoprobability offailure, and(c)therateandcostofcoating replacement dueto failure.
Weibull
Statistical Method
In 
where S is the probability of suxvival as a fraction (0 < S < 1); m is the slope of the Weibull plot; L is the life (stress cycles); L_ is the location parameter or the time (cycles) below which no failure occurs; and L_ is the characteristic life (stress cycles). (9) and more than 2500 data points. His study suggested that the location parameter occurs at a probability of survival of 99.9 percent. More recently, Shimizu (14) found that at very high probabilities of survival, fatigue data best fit a log-normal distribution.
He determined the location parameter L_ to be the life at the 99.9-percent probability of survival. The location parameter was then substituted into the three-parameter Weibull life distribution function (Eq. (1)). Shimizu'
method (14) was used to analyze the data presented herein.
Specimens and Procedure
Materials
Three wiper coating materials (P-, A-, and R-series) were evaluated in production. Both P-and A-series materials were plasticized PVC plastisols that were applied by blade-coating techniques to steel cores rotating in a Plastirota oven. Although the user manufactured both PVC coatings in-house, the third coating evaluated (R-series) was obtained from an outside supplier. All three wiper coating material surfaces were machine finished to a high gloss on a lathe. The coating materials were used on an Intaglio press to produce the obverse (front) side of a printed surface.
The P-series coating was in use at the beginning of this study, but a replacement was being sought.
The P-series coating was a cross-linked, plasticized PVC thermoset formed from a plastisol ofpolyvinyl chloride resin, a polyfunctional acrylic monomer (TMPTMA), dioctyl phthalate plasticizer, carbon black, and calcium chloride. The viscoelastic behavior of laboratory-prepared samples of P-series coating material was characterized using dynamic mechanical analysis (DMA) (15 17) . In this technique, an oscillatory stress (1 Hz sinusoidal) is applied to a sample of known geometry as the temperature is incrementally increased (2°C/min or 3.8°F/min).
If the material were perfectly elastic, the strain would be completely in phase with the applied stress; however, if the material behaves in a Newtonian manner, the strain is 90°out of phase with the stress. For plastics that fall between these extremes, as a result of the viscous dissipation or loss of energy and elastic storage of energy, the strain exhibits a phase shift with respect to the applied stress. Time-dependent strain can be defined in terms of in-phase and out-of-phase components of stress:
where _c(t) is the time-dependent strain; 70 is the initial stress; G'(co) and G"(co) are the storage and loss modulus, respectively; co is the angular frequency; and t is the time. The storage modulus is given by
where 8 isangle atwhichstress andstrainsinusoidal curves areoutofphase in dynamic analysis (15) (16) (17) . Thelossmodulus isgiven by
The tan 8 will be used to identify the glass transition temperature Tg (temperature of the peak of the tan 8 curve) and the relative extent of crosslinking (breadth of the tan 8 curve (16 19)). The tan 8 is the ratio of the storage and loss moduli:
DMA thermal analysis techniques were used to determine the following properties of laboratory-prepared samples of P-series coating material: glass transition temperature, 39°C (102°F); storage modulus at 60°C (140°F), 5.56x106 Pa (806 psi); and loss modulus at 60°C (140°F), 1.64x106 Pa (238 psi). The glass transition temperature was reported as the peak of the curve of tan 8 versus temperature. The loss and storage moduli were reported as the respective values at the operating temperature of the wiper.
Because fatigue cracking was the primary mode of P-series material failure, a modification to the material was sought so as to minimize the tendency of the material to fatigue failure and cracking. The two obvious approaches were to change the PVC plasticizer concentration or to change the crosslinking of the acrylic monomer (20) .
The material properties of plasticized PVC vary greatly with plasticizer concentration. Lightly plasticized PVC is very hard and rigid, as exemplified by white PVC plumbing pipe. However, as plasticizer is added, the resulting material becomes as flexible as a child's squeeze toy.
The monomer is the other primary material in the P-series coating material. When catalytically crosslinked and exposed to heat, the monomer is an extremely brittle solid. A honeycomb structure forms as air bubbles are entrapped in the solid. Very little pressure applied by a finger will cause this material to crack and powder, as can be observed in samples of monomer and catalyst exposed to a range of temperatures in a convection oven. When mixed with the plasticized PVC, however, the bubbles and honeycomb structure are not visible, but the characteristics of the combined material (20) are those of a material more brittle than the plasticized PVC alone. glass transition temperature. With increasing temperature comes the rubbery plateau, followed by rubbery flow and liquid flow. The brittle and leathery transition should be familiar to anyone who has tried to fold a plastic tarp in the winter when the material is cold, stiff, and brittle. In the summer, the warm plastic easily folds.
Since it was desirable to have a material less brittle than the P-series coating at the operating temperature, less monomer crosslinking or a lower glass transition with respect to the operating temperature was a preferred change. Laboratory samples were prepared with decreasing amounts of initiator and as expected, both the glass transition temperature, as determined by DMA analysis, and the hardness decreased with decreasing initiator concentration ( Table 1) . (Fig. 4) . As the number of crosslinks increases, the glass transition occurs over a broad range oftemperatuxes. The R-series coating is a homogeneous material for the entire thickness whereas the P-and A-series coatings are a three-layer system of two different materials. The base and top layer material are the same PVCmonomer system reported above; however, the center layer is a softer, more heavily plasticized PVC.
Each of the three layers is approximately equal in thickness.
The top layer of each of the wipers is polished to a high gloss.
Test Method
The test method was driven by production printing practices; therefore, all data were collected in a large-scale printing facility using unmodified commercial Intaglio printing presses during regular production runs. Figure 5 is an end-view schematic of the primary components of an Intaglio printing press. Ink is applied over the entire surface of the plate cylinder. The wiping roller removes excess ink from the flat surfaces of the engraving, whereas the ink to be transferred to the paper is left behind in the engraved lines of the plates. Presses were operated almost continuously for three 8-hr shifts, making 8000 impressions per hour. The applied load is a variable that is artistically driven by the printing process. Pressmen turn two setscrews that force the wiping roller against the printing cylinder. When excess ink is removed, as indicated by blank or faded regions on the finished product, either setscrew is turned out until the desired image intensity is achieved. Thus, the optimum "wiping" setting is determined artistically.
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Although the applied load to the wiping roller was never experimentally determined in production, the authors assumed a value of 1335 N (300 lb) for comparison. All wipers were run to failure or until damaged.
The failure criterion was defined in production as the first appearance of errant ink on the finished product, not the first appearance of a defect on the wiper surface. Even though the definition differs from the traditional way of defining failure at the first appearance of damage, this failure criterion was consistently applied in production.
The three wiper coatings (P-, A-, and R-series) were evaluated as part of the normal production usage dedicated to printing the obverse side of a product. Wipers were removed from the press at the discretion of the operator when errant ink appeared on the finished product or the wiper was physical damaged. The wiper coatings were inspected upon removal and the coating was removed so that the steel core could be recoated. The wiper cores that could not be refuxbished were repaired or discarded. Only those coatings that were removed for fatigue were deemed failures. For the purpose of statistical analysis, all other removals were considered suspensions.
For this study, 142 A-series wiper coatings were evaluated over a 9-month period on two obverse (front) presses. Sixteen P-series and eight R-series coated wipers were evaluated on the same two obverse presses during the same time period. Data were collected from three shifts during regular production printing.
Results and Discussion
Weibull Analysis
Rotating, cylindrical, coated wiping rollers used in Intaglio printing fail primarily because of fatigue or misuse. Three wiper coatings that are used on press to produce the obverse side of a printed product
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wereevaluated in aproduction facility.Thestandard coating used wasahard, cross-linked, plasticized PVCthermoset designated P-series. A candidate replacement coating wasasofter plasticized PVC designated A-series. A second replacement coating, whichwasrubberized anddesignated R-series, was alsoevaluated inproduction. Theresults ofthese tests werecompared withthose reported in(1)forthe P-andA-series wipercoating dataobtained fromsixprinting presses dedicated toprinting thereverse sideof aproduct (1). Inthepresent study, bothtwo-andthree-parameter Weibull analyses were performed andtheresults compared. Thelocation parameter L_ for the three-parameter Weibull analysis was determined using the method of Shimizu (14).
The results of the P-and A-series coatings from (1) are shown in the two-parameter Weibull plots of The tests results and the Weibull analyses that compare the P-and A-series coatings in the current study are shown in Fig. 7 and are summarized in Table 3 . In contrast to the results of(l) for a reverse side printing, the present results for this particular obverse side printing indicate that the differences between the two coatings are not statistically significant at the L10 life. At the Ls0 life, there is a statistical difference between the two coatings: the A-series has over twice the life of the P-series. A threeparameter Weibull analysis of the data suggested that at a very high probability of survival (L0.1), the P-series coating might yield more than twice the life of the A-series coating before failure occurs.
However, at times greater than that of the L_0 life, the failure rate for the A-series coating will be less than that of the P-series coating.
It is not uncommon for one material to have a better L_0 life and then a worse
Lso life in comparison with another material (5).
The R-series coating results are also shown in Fig. 7 and are summarized in Table 3 bTime below which no failures are expected to occur.
CNumber of failures out of total tested. dpercent of time the qualitative test results will be the same if the test is repeated.
coatings. However, using a three-parameter analysis, at the high probability of survival, the life ratio is approximately two times the life of the P-series coating and six times that of the A-series coating. For high reliability and long life, the R-series appears to be the superior coating for this application.
In Fig. 8 , the coating tests from (1) are compared with those of the present study. Figure  8( Table 4 , which also summarizes the glass transition temperature, Shore D hardness, and L10 and Ls0 wiper lives. Based on the data in Table 4 , no relationship between life and Hertz stress could be established, although at first glance, the material with the highest maximum Hertz stress would be assumed to have the shortest fatigue life. These stress levels are so low, one could argue, that the wiper surfaces should last indefinitely.
In addition, Table 4 shows that no relationship appears to exist between hardness and life. The current drawn by the press during operation was recorded during the time each of the three wiping materials was in use. This current value was used to estimate the power consumed by a particular press. Presses using A-series wipers while printing the reverse side of a product typically used 618 kW; those using P-series wipers while also printing the reverse side of a product consumed 1017 kW; those using R-series wipers while printing the obverse side of a product drew in excess of 1986 kW. It can be deduced from the current measurements and power estimates that the softer, less cross-linked wiper required less load to achieve the same degree of wiping as those required by the harder, greater crosslinked wiper and the harder rubber coating.
The glass transition temperature is an indication of a plastics change from a brittle to a leathery state with a change in temperature (15 20, 25) . The glass transition temperatures of the P-, A-, and R-series coatings were 39°C (102°F), 8°C (46°F), and -38 to -2°C (-36.4 to 28.4°F), respectively (Table 4) .
Since the wiper rotates in a bath of caustic solution at a temperature of 60°C (140°F), the operating temperature of the wiper is assumed to be that of the solution, and frictional heating is assumed to be minimal.
The difference between the operating temperature and the glass transition temperature AT was determined.
The L10 and L50 lives of the P-, A-, and R-series for an obverse printing job and the L10 and L50 lives of the P-and A-series material for a reverse printing job with respect to their associated AT are shown in Fig. 9 . At the higher ATvalues, the operating temperature has advanced into the leathery or rubbery region, and thus the material is less prone to brittle and/or glass fatigue crack formation. The farther below the operating temperature the glass transition temperature has fallen, the longer the life of the material (Fig. 9) .
The extent of crosslinking is another indication of material brittleness. As the number of crosslinks increases, the material becomes stiffer and more brittle and thus more prone to cracking. In the PVC materials (P-and A-series), the degree of crosslinking is indicated by the breadth of the tan 8 peak (Fig. 4) . The shorter-lived P-series material clearly had the broader peak with respect to the A-series material.
Although the tendency to crack can be explained by these observations, the mode of crack initiations is still not understood and remains beyond the scope of this paper. 
Cost-Benefit Analysis
In reference to Fig. 7 and A-series only, the A-series exhibits a mean life over twice that of the P-series. Making a coating selection based on mean life becomes rather easy. However, cost considerations also need to be factored into the selection.
For purposes of providing an example and for a cost analysis, it is assumed that the following costs and operating parameters are applicable to the use of the presses and coatings in a noncritical commercial application.
The cost of the P-and A-series coatings are each $100.00. The cost of each R-series coating is $1200.00. The cost of replacing and installing each wiper coating is $100.00. The time it takes for replacing a coated wiper roller is 1 hr, which results in lost production valued at an additional $100.00.
Excluding the cost and installation of the initial eight wiper coatings, the resultant cost of each wiper failure and replacement for P-and A-series coatings is $300.00 and for the R-series is $1400.00. It becomes obvious that it is more cost effective to replace the P-series coating with the A-series. However, it is not so obvious that the use of the R-series coating will be more cost effective than the use of the A-series coating.
A cost-benefit analysis was conducted using the foregoing scenario and a further assumption that the presses operate 8 hr per shift, three shifts per day, 6 days per week. It was assumed that individual presses make 8000 impressions an hour, which results in an individual coating receiving 8000 stress cycles per hour or 64 000 stress cycles in an 8-hr shift. Using the two-parameter Weibull analysis for each coating, the number of failures per each week was calculated for an entire year. The results for the first 2 weeks are shown in Table 5 . The respective costs for each coating were calculated for 52 weeks of operation and are also summarized in Table 5 . Both the cost and replacement rate for the R-series coating were significantly less than those for the P-and A-series coatings. The net cost of the R-series coating is approximately one-quarter and one-half the costs of the P-and A-series coatings, respectively. The total number of replacements for the R-series coating was 5 and 11 percent those of the P-and A-series, respectively. Fave replacements per week from third week on. The number of replacements for each coating based on its respective MTBR was also calculated together with its respective costs. These values are also summarized in the parentheses in Table 5 .
Although the values calculated with each method are not exactly the same, they are qualitatively similar, and the same conclusions regarding cost and replacement can be reached.
It should be pointed out that in practice, the costs of the P-and A-series coatings are higher than those assumed and that the cost of the R-series is lower. Because actual productivity differed from that projected, the actual net cost differences between the coatings in actual use should be greater than those illustrated in the example given.
Summary of Results
Rotating, cylindrical, coated wiping rollers used in Intaglio printing fail primarily because of fatigue or misuse. In a production facility, three coating materials were evaluated on two printing presses dedicated to printing the obverse side of a product over a 9-month period. The standard coating used was a hard, cross-linked, plasticized PVC thermoset designated P-series. A candidate replacement coating was a plasticized polyvinyl chloride (PVC) designated A-series. The third candidate replacement coating was a commercially available hard nitrile rubber coating designated R-series. Sixteen P-series, one hundred and forty-two A-series, and eight R-series rotating, cylindrical, coated wiper rollers were evaluated on two frontface presses. Two-and three-parameter Weibull analyses and as a cost-benefit analysis were performed on the test results to determine the life differences and the cost related to the use of each coating.
The following results were obtained:
.
The mean value of life for the R-series coating was 24 times longer than the P-series coating and 9
times longer than the A-series coatings. When a three-parameter analysis was used, the life of the R-series coating was approximately two times the life of the P-series coating and six times the life of the A-series before the first failure occurred. 
The acquisition
and operating costs using the R-series coating were approximately one-quarter and one-half the costs of the P-and A-series coatings, respectively. The total number of replacements for the R-series coating was 5 percent of those for the P-series coating and 11 percent of those for the A-series coating.
. When all coatings were run to failure, using the mean (life) time between removal (MTBR) for each coating to calculate the number of replacements and costs provided results qualitatively similar to those using a Weibull analysis. 4 . A relationship appears to exist between glass transition temperature and life: the farther below the operating temperature the glass transition temperature, the longer the life of the material.
